to the Rb(5P 1/2,3/2 )+Cs(6S 1/2 ) dissociation limit. The computed vibrational distribution of the produced molecules shows that they are stabilized in deeply bound vibrational states of the lowest triplet state. We also predict that a noticeable fraction of molecules is produced in the lowest level of the electronic ground state.
Formation of ultracold RbCs molecules by photoassociation
The formation of ultracold metastable RbCs molecules is observed in a double species magneto-optical trap through photoassociation below the 85 Rb(5S 1/2 )+ 133 Cs(6P 3/2 ) dissociation limit followed by spontaneous emission. The molecules are detected by resonance enhanced two-photon ionization. Using accurate quantum chemistry calculations of the potential energy curves and transition dipole moment, we interpret the observed photoassociation process as occurring at short internuclear distance, in contrast with most previous cold atom photoassociation studies. The vibrational levels excited by photoassociation belong to the 5 th 0 + or the 4 th 0 -electronic states correlated to the Rb(5P 1/2,3/2 )+Cs(6S 1/2 ) dissociation limit. The computed vibrational distribution of the produced molecules shows that they are stabilized in deeply bound vibrational states of the lowest triplet state. We also predict that a noticeable fraction of molecules is produced in the lowest level of the electronic ground state.
Introduction
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In the last fifteen years the field of cold molecules reached important advances and demonstrated new applications in many research fields. Among them we can cite fundamental tests in physics, molecular clocks, molecular spectroscopy, ultracold reactions, controlled photochemistry and quantum computation. Recent reviews on the status of the subject and on possible perspectives can be found in Refs. [1] [2] [3] [4] [5] . In particular cold polar molecules, i.e. that possess a permanent electric dipole moment (PEDM) in their body-fixed frame, can be utilized for quantum information. Polar In this paper, we produce ultracold RbCs molecules utilizing the process of photoassociation (PA) followed by radiative stabilization [7, 8] . PA bounds together atoms of two different alkali species into excited state molecules that can decay by spontaneous emission into (meta-) stable molecules. The process produces molecules that are generally distributed in high-lying rovibrational levels of the ground singlet or lowest metastable triplet state [9, 10] , while evidence for the spontaneous creation of deeply-bound ground state polar bi-alkali molecules such as KRb [11] , LiCs [12] , and NaCs [13, 14] has been reported. Molecules in high-lying vibrational levels have a weakly polar character but represents a starting point for a further manipulation that can transfer them into the lowest vibrational level v=0. This can be achieved by an incoherent optical process [15] which has been actually the first demonstration of the controlled transfer of the vibrational population of ultracold molecules in the v=0 level of the RbCs ground state. Later, the cooling of the vibrational degree of freedom utilizing a properly shaped laser [16] has been demonstrated on ultracold Cs 2 molecules, and only recently on a polar species, NaCs [17] . The coherent transfer of the population of a single highly-excited level of 41 K 87 Rb ground state molecules produced by PA down to v=0 using the stimulated Raman adiabatic passage process (STIRAP) [18] has been also achieved. Note that the latter method has been proven very successful when starting from much colder atomic ensembles close to quantum degeneracy: ultracold molecules in their absolute ground state can be obtained by transferring the population of the long-range state initially created by magnetoassociation of both homonuclear [19] [20] [21] and heteronuclear species [22, 23] . All these methods require the knowledge of the rovibrational distribution of the created cold molecules, as well as detailed insights on molecular spectroscopy and dynamics.
In a previous paper [24] (hereafter referred to as paper I) we reported on a new PA path leading to the formation of ultracold RbCs molecules in a double species magnetooptical trap (MOT), and proposed a preliminary interpretation relying on PA at short internuclear distance. Here we investigate this process in more details and we predict that ultracold RbCs molecules can be formed in deeply-bound vibrational levels (including v=0) of the lowest electronic triplet state and of the ground state. In Section 2
we recall the main features of our experimental setup which lead to the observation of 
Experimental setup
The experimental apparatus is sketched in Fig.1 . A double species MOT is produced inside a UHV metal chamber, loading both species from vapour; for Cs the background gas pressure is controlled by a valve from the vapour in equilibrium with a metal sample, while for Rb it is emitted by running current through a metal dispenser. 
Experimental results
Although PA below the Rb(5S 1/2 )+Cs(6P 3/2 ) dissociation limit induces 2b ). As the observed rotational progression starts with J=0, the excited electronic state should have a value =0 of the projection of the total electronic angular momentum on the molecular axis. Moreover the lines do not exhibit any significant hyperfine structure, which is also in favour of a =0 state.
The corresponding rotational constant is B = 0.0138 (7) cm -1 , a large value indicating that the PA process acts at short range. The J = 1 line displays the Stark effect, consisting in a splitting and shift of the line, due to the static electric field used to extract the ions from the trapping region and direct them to the microchannel plate. Our electric field control prevented us to precisely quantify this effect. Over the whole frequency region where the PA laser can be tuned, no other lines have been observed, even at small detuning from the dissociation limit, in agreement with the hypothesis of a strong predissociation.
The RE2PI spectra have been recorded by scanning the pulsed dye laser, with the PA laser frequency locked on a transmission peak of a stable Fabry-Pérot interferometer, tuned in correspondence of one of the observed PA transitions (the J=1 line in the present case). A dense spectrum of the whole investigated region is shown in Fig.2c . A strong detection band extends between 14000 and 14300 cm -1 , while weaker transitions are also observed between 14400 and 14600 cm -1 .
4. The molecular states in the region of the Rb(5S)+Cs(6P 3/2 ) limit.
The observation of an isolated PA line with large rotational constant hints the occurrence of a short-range process, where a vibrational level of a molecular potential 7 well located near the Rb(5S 1/2 ) + Cs(6P 3/2 ) dissociation limit is directly populated. The formation of heteronuclear alkali molecules through a short-range PA process was already observed for LiCs molecules [12] . In paper I, we based our interpretation on the analysis of the computed RbCs molecular potentials including spin-orbit interaction [25] : there are several potential wells correlated to the Rb(5P 1/2,3/2 ) + Cs(6S 1/2 ) dissociation limits with a minimum located below the Rb(5S 1/2 ) + Cs(6P 3/2 ) energy, hence offering the possibility for short-range PA of their levels.
In order to compute transition probabilities for PA and cold molecule formation, we calculated RbCs potential curves according to the method of Ref.
[6] also used by the authors of Ref [25] . Briefly, the RbCs molecule is modelled as two-valenceelectrons moving in the field of a Rb + and a Cs + polarizable cores separated by a distance R. The ionic cores are represented with effective core potentials (ECP) [26] including core-polarization potentials (CPP) [27] with parameters adjusted on experimental atomic energies [28] . A full configuration interaction within a twoelectron configuration space generated by a large Gaussian basis set yields potential energy curves in Hund's case a. The empirical short-range correction reported in
Ref. [29] is added to all PECs. At this step our results are obviously very similar to those of Ref. [25] , with small differences arising from the choice of the ECP and CPP parameters [28] which are not significant for the present purpose. As in Ref. [23] we replaced ( Figure 3b ) the computed X and a curves by their experimental determination of Refs. [30, 31] . The corresponding transition dipole moments (TDM) from the ground state X 1  + and the lowest triplet state a 3  + (hereafter referred to as the X and a states, respectively) are drawn in Figure 3c 1 .
In order to use the TDMs above we need to model the spin-orbit couplings between Hund's case a states, which are not available in Ref. [25] . We built electronic states including spin-orbit interaction using a perturbative approach restricted to the 
The matrix for the =2 component reduces to a single element
3 )+Efs/3. For simplicity, we used an R-independent spin-orbit coupling determined by the atomic spin-orbit splitting of the Rb(5 2 P) level E fs =237.6 cm -1 . The matrices are diagionalized providing the PECs displayed in Figure 3a . The PECs are labelled according to their dominant Hund's case a character at short internuclear distances, with subscripts related to their Hund's case c symmetry. They differ from those of Ref. [25] by typically a few tens of wavenumbers, which indicates that the R-variation of the spin-orbit coupling, while noticeable, will not modify significantly the proposed interpretation, as long as spectroscopic accuracy is not concerned.
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At first glance we see that the spin-orbit components of at least two Hund's case a states dissociating toward Rb(5 2 P)+Cs(6 2 S) have their minimum in the region of the Rb(5S 1/2 )+Cs(6P 3/2 ) limit: the (2) However, such an isolated potential description is by far insufficient to model the system. This is demonstrated by the results reported in Figure 4 for the rotational constant of the vibrational levels of the system, computed as follows. Starting from the Hamiltonian matrix above, the vibrational wave functions of the coupled state problem are obtained with the Mapped Fourier Grid Hamiltonian method extensively detailed elsewhere [33, 34] . The rotational constant B v is defined by:
where  v (; R) is the multi-component (on the electronic states involved in each of the 
where the kets hold for the relevant Hund's case a electronic states. 
Transition probabilities for PA and for cold molecule formation
The efficiency of the PA process is well described by both the squared overlap integral between the radial wavefunction (E,i) of initial state i of the colliding pair and those of the vibrational levels  v (; R):
, Ω | Ψ , |Ξ Ω | states, but as we assume that PA proceeds at short distances, we can restrict it to its triplet component which has a turning point (and hence a local maximum) around 9.8 a.u.:
Indeed at such distances the radial wavefunctions in the X channel oscillates very rapidly and we numerically checked that it yields a negligible overlap with the shortrange vibrational wave functions of the PA levels. In the following, the vibrational wave 
3  + state has its minimum at too small distance to be efficiently reached from the a state. To be significant, the magnitude of the quantities reported in Fig. 6 must be rescaled with the energy normalization of the continuum wavefunction and with factors depending on the experiment (intensity and wavelength of the PA laser). Figure 7 shows the squared overlap integrals of the wavefunctions of selected PA levels (marked with crosses in Fig. 5 ) in each symmetry with those of the X and a states.
These quantities are now representative of the efficiency of this second step of the cold molecule formation process as they involve unity-normalized wavefunctions of bound levels. For illustration purpose, the chosen levels in the =0 + , 0 -cases have a main component on the (2) 3  state, while the one for =1 has its main component on the (2) 1  state. In the three upper panels the decay of the (2) 3  radial component of the (5)0 + curve with the minimum of the X curve (see Fig. 3) . The chosen =1 level is expected to produce a broad vibrational distribution on the X levels, with a noticeable amount toward the v=0, 1 ground state levels as well.
Concluding remarks and perspectives
In this paper we analyzed the formation mechanism of ultracold RbCs molecules through photoassociation near the Rb(5S 1/2 )+Cs(6P 3/2 ) dissociation limit followed by radiative stabilization. The observed photoassociation process involves the excitation at short internuclear distance of a vibrational level of the (5) The interpretation of the RE2PI spectrum of Fig. 2c is in progress and will be presented in a future publication. Between 14000 and 14300 cm -1 , the spectrum presents many intense grouped in three overlapping packets approximately cantered at 14090, RE2PI spectra reported in Ref. [36] . 
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